MeV bombarding energy by in-plane light charged particle -fragment coincidence. Pre-equilibrium components have been separated out from proton energy spectra using moving source model considering two sources. The data have been compared with the predictions of the statistical model code CASCADE. It has been observed that significant deformation effects were needed to be introduced in the compound nucleus in order to explain the shape of the evaporated d, t energy spectra. For protons, evaporated energy spectra were rather insensitive to nuclear deformation, though angular distributions could not be explained without deformation. Decay sequence of the hot 32 S nucleus has been investigated through exclusive light charged particle measurements using the 20 Ne (158 MeV) + 12 C reaction. Information on the sequential decay chain has been extracted through comparison of the experimental data with the predictions of the statistical model. It is observed from the present analysis that exclusive light charged particle data may be used as a powerful tool to probe the decay sequence of hot light compound systems. 
I. INTRODUCTION
Light charged particles (LCP) evaporated from an excited composite is widely used as a tool to investigate the properties of that composite. These emisssions reflect the behavior of the composite at various stages of the deexcitation cascade. In light ion induced reaction the composite system gains low excitation and low angular momentum, while in heavy ion induced reaction the associated angular momentum value is high enough. The statistical model is used to describe the decay of a highly excited composite. The energy spectra of light charged particles emitted in light ion induced reaction are explained satisfactorily by the statistical model predictions [1, 2] . However, in heavy ion induced reaction, the energy spectra of LCPs are inconsistent with the respective theoretical predictions of statistical model because of the angular momentum induced deformation of the hot composite [3] . In addition, specific structure effects (i.e., α-clustering in α-like nuclei) are also known to influence the reaction process and thus contribute to the deformation of the composite.
The 20 Ne + 12 C system has been investigated extensively in recent years [4, 5, 6] in connection with the study of nuclear orbiting in α-cluster systems. As orbiting is associated with large deformation of the composite, the deformations of the hot composites formed in the 20 Ne + 12 C reactions (in the energy range 7 -10 MeV/nucleon) have been estimated from the study of the respective α-evaporation spectra. It was found that the deformations of hot composites are much larger than "normal" deformation [5] . However, it is interesting to study if the emissions of other light particles are also equally affected by deformation. Here, we report a study on the effect of deformation in the emitted Z = 1 particles, such as, triton, deuteron, proton.
Very recently, there have been a few attempts [7, 8, 9, 10, 11] to measure the light charged particles in coincidence with individual evaporation residues to probe the finer details of the reaction meachanism. Such studies may enable us to explore the evaporation decay cascade of the composite system. Moreover, the contributions from other nonevaporative (i.e., fissionlike, pre-equilibrium) decay channels may also be estimated from such measurement. Here, we report an exclusive measurement of light charged particles emitted in coincidence with individual evaporation residues of hot 32 S nucleus produced in the 20 Ne (158 MeV) + 12 C reaction and show that such exclusive data may provide important clues to reveal the intricacies of the decay cascade.
The paper has been arranged as follows. The experimental procedures are described in the Sec. II. The analysis of the data and the results are discussed in Sec. III. Finally, the summary and concluding remarks are given in Sec. IV.
II. EXPERIMENTAL DETAILS
The experiments were performed with accelerated the comparison of inclusive and exclusive spectra and to study the decay sequence of hot composite. A part of the present data (inclusive α-particle emission) has already been analysed and published elsewhere [5] .
III. RESULTS AND DISCUSSIONS
Inclusive energy spectra for Z = 1 particles have been analysed for 20 Ne + 12 C reactions at 158, 170, 180 and 200
MeV in the angular range 10 o -50 o to study the effect of nuclear deformation. It had been found from our previous study [5] that, the contribution of pre-equilibrium process is significant for proton emission at forward angles only and it becomes negligible at θ lab 30 o . Therefore, pre-equilibrium component was extracted from the forward angle (θ lab ≤ 30 o ) proton data, whereas effect of nuclear deformation was studied using the energy spectra of Z = 1 particles at θ lab 30 o , where pre-equilibrium effect is insignificant.
A. Proton emission: Pre-equilibrium processes
It is evident from Ref. [5] that the inclusive forward angle proton energy distributions have enhanced high-energy 'tail' when compared with those at backward angles ( Fig. 1 in Ref. [5] ). The backward angle spectra is usually believed to have originated from evaporative decay of compound nucleus, and the high energy tails observed in forward direction are considered to be the signature of pre-equilibrium emission. The shapes of the inclusive proton spectra have been compared with the respective exclusive spectra (measured in coincidence with ER, Z = 10 - Cross-sections were normalized at one point for comparison.
The velocity contour maps of the Galilean-invariant differential cross-sections, (d 2 σ/dΩdE)/pc, as a function of the velocity of the emitted protons provide an overall picture of the reaction pattern [12, 13, 14] . The velocity diagrams of invariant cross-sections in the (v ,v ⊥ ) plane for protons emitted in 20 Ne + 12 C, 27 Al reactions at different bombarding energies have been displayed in Fig. 2 . The size of the point is in proportion to the invariant cross-section.
The arrows (lower velocity) indicate the compound nucleus velocity, v CN . The solid circles correspond to the most probable average velocities of evaporated protons. It has been observed that for all bombarding energies, the invariant cross-sections do not follow the solid circle. This further indicates that some component which has higher velocity than v CN is contributing to the proton emission spectra.
Extraction of pre-equilibrium component
From the above discussion it has been found that the slopes of the center-of-mass (c.m.) energy distributions ( Fig. 1) of emitted protons depend on the emission angles and the invariant cross-section plotted in (v , v ⊥ ) plane does not follow the circle centered around v CN , the compound nucleus velocity. These observations indicate that the protons are not emitted entirely from a compound nuclear source; emission from other sources, moving with velocity higher than v CN , should also be considered to explain the data.
To understand the nature of the sources, the proton energy spectra have been fitted using a phenomenological moving source model [13, 14, 15, 16, 17, 18] where it is assumed that the protons are emitted isotropically in the rest frame of moving sources. As there is evidence of pre-equilibrium component in proton spectra, it has been assumed that protons are emitted from two different sources: (i) equilibrium source having velocity v 0 and (ii) intermediate velocity source having velocity v 1 > v 0 . Now the parametrization expression for double-differential cross section in laboratory rest frame is
where
where C 1 and C 2 are normalization constants, E 1 = m p v energies, the differential cross-section for equilibrium component is proportional to exp(−β sin 2 Θ c.m. ), which is the characteristic of the emission from a thermally equilibrated system [12] . For a thermally equilibrated system the c.m. angular distributions are fitted with the following expression:
where, a is a normalization constant and
I is moment of inertia, T is temperature, j is angular momentum and µR 2 is the moment of inertia of reduced system.
In Fig. 4 the solid lines represent the fits with Eq. 2. The fitted value of the anisotropy parameter, β f itted , is given in Table II The analysis has been performed using the standard statistical model code CASCADE [19] . In the statistical model calculations, the lower energy part of the LCP spectrum is controlled by the transmission coefficients. The high energy part of the spectrum is controlled by the level density (E * , j) and for a given angular momentum j and excitation energy E * , it is defined as [1, 19] ρ(E, j) = (2j + 1) 12 a
where a is level density parameter, T is the thermodynamic temperature, ∆ is the pairing correction and E j is the rotational energy written as
In hot rotating nuclei, the effective moment of inertia is taken to be spin dependent and is written as
where, the rigid-body moment of inertia, I o , is given by
Nonzero values of the deformability parameters δ 1 and δ 2 introduce the spin dependence in the effective moment of inertia [5, 20, 21] .
The most sensitive parameters influencing the calculated light charged particle energy spectra are the critical angular momentum j cr , the diffuseness parameter ∆j, the level density parameter a, the nuclear radius parameter r o , the transmission coefficients T j , and the deformability parameters δ 1 and δ 2 .
The transmission coefficients are calculated using the optical model potential; The optical-model parameters for protons, deuterons and tritons were taken from Perey and Perey [22] whereas those for α-particles were taken from Huizenga and Igo [23] . The critical angular momentum for fusion, j cr , was calculated using the Bass model [24] for each bombarding energy. The value of diffusness parameter was taken as 2 for all bombarding energies.
Level density parameter
The influence of the level density parameter, a, on the energy spectra is displayed in Fig. 5 . The calculated spectra are shown for three values of a: (i) A/8 (solid line), (ii) A/10 (dashed line), and (iii) A/12 (dash-dotted line). The radius parameter r o was taken to be 1.29 fm, following Pühlhofer et al. [19] . The angular momentum dependent deformability parameters (δ 1 and δ 2 ) were set equal to zero [1, 5, 20] . From Fig. 5 , an increase in yield has been found in the high-energy tail of the light charged particle spectra as the value of the level density parameter is decreased.
This is understood in a simple way: It can be seen from Eqn. 4 that the level density is exponentially proportional to the square root of a. This will reduce the level density when we reduce a and hence energetic particle emission will be favoured.
It has been found from Fig. 5 that the theoretical calculations fail to predict the overall shape of the experimental energy spectra of the light charged particles over the whole energy range except for protons. The value of a = A/8
reproduces the proton energy spectrum. Furthermore, the temperature (as well as excitation energy) dependence of a has been investigated recently [25, 26, 27, 28, 29] . The temperature dependence has been incorporated by introducing an inverse level density parameter K(T ). Then a becomes
where K(T ) is given by [30] K(T ) = 15.5 MeV
The K value calculated using this equation for 20 Ne + 12 C system is ∼ 7.6 MeV in the excitation energy region 74 -94 MeV (E lab = 145 -200 MeV). Therefore, a value of a = A/8 is reasonable.
Nuclear radius parameter and deformability parameters
The most sensitive input parameters are nuclear radius parameters and deformability parameters. plays the main role in explaining the high-energy part of the data; it is also found to be quite sensitive to variation of the excitation energy of the system. However, a nonzero value of the parameter δ 2 is required to fit the high-energytail ( 20 MeV) part of the data in particular, and it is found to be rather insensitive, to the variation of excitation energy, at least within the range of the present measurements. In addition, the radius parameter, r o , was varied from 1.29 fm to 1.35 fm to take care of the low energy side of the experimental spectra. This change of r o causes a shift of the peak of the energy distribution to low energy side and thus helps to fit the lower energy part of the data in a better way. The sensitivity of these nuclear radius parameter and deformability parameters were illustrated in Fig. 5 of Ref. [5] in details. The optimized values of the parameters are given in Table 1 of Ref. [5] .
Energy distributions of Z = 1 particles
The inclusive energy spectra for triton have been shown in Fig. 6 at E lab = 158, 170, 180 and 200 MeV for few representative laboratory angles. It has been found that the statistical model code CASCADE without deformation parameters (r o = 1.29 fm, δ 1 = δ 2 = 0) [19] could not explain the experimentally measured spectra (dashed line).
The CASCADE calculation using the deformation parameters (r o = 1.35 fm, δ 1 = δ 2 = 0), which are estimated from α-particles spectra [5] , explain the data very well (solid line).
The inclusive energy spectra for deuteron have been displayed in Fig. 7 at E lab = 158, 170, 180 and 200 MeV for few representative laboratory angles. In this case also, the CASCADE calculations without deformation parameters do not reproduce the data (dashed line). The CASCADE calculations using the deformation parameters (Table 1 in Ref. [5] ) estimated from α-particle spectra reproduce the data very well (solid line).
The inclusive proton energy spectra are shown in Fig. 8 In order to investigate whether the deformation parameters thus obtained can consistently explain the angular distribution data (Fig. 4) , the values of the anisotropy parameter β obtained by fitting the angular distribution data using Eqn. 2, β f itted , have been compared with those estimated from Eqn. 3 using the effective moment of inertia, I ef f (Eqn. 6). Since I ef f is angular momentum dependent, comparison was done for average angular momentum,
It is interesting to note here that the anisotropy parameters obtained directly by fitting the angular distribution data are in fair agreement with those estimated using the optimized deformation parameters obtained by statistical model fitting of the energy distribution data.
The β-values with no deformation (β o , obtained using rigid body moment of inertia, I o ) are found to be quite different from β f itted ; so, angular disytribution data cannot be explained properly ( Fig. 11 ) with β o . It is thus interesting to note that, though the proton energy distribution shapes are rather insensitive to the deformability parameters δ 1 , δ 2 , it is required to take the deformation into consideration to properly explain the angular distribution data.
C. Prediction of Decay sequence of hot 32 S nucleus
It is thus evident that the bulk (inclusive) emission data are found to be fairly well explained by 'deformed' statistical model predictions. However, it remains to be seen if emission at various stages may also be explained in a similar manner. Exclusive light charged particle emission data may be sensitive to this aspect as indicated earlier [7] . So, the decay sequence of the hot 32 S nucleus has been investigated through the exclusive light charged particle measurements using the 20 Ne (158 MeV) + 12 C reaction. Information on the sequential decay chain has been extracted through comparison of the experimental data with the predictions of the statistical model code CASCADE.
Inclusive energy distributions of heavy fragments (spectra having higher yields in Fig. 12) show that there are significant contribution from fusion-evaporation (FE) component. The arrows in Fig. 12 indicate the evaporation residue (ER) energy corresponding to the ER velocity v CN cos θ lab . The exclusive energy distributions of the heavy fragments (in coincidence with light charged particles) follow the statistical model prediction (PACE4 [31] , solid curve in Fig. 12 ), which implies that the light charged particles measured in coincidence with Ne, Na, Mg and Al are emitted predominantly through FE channel, in the successive decay of hot 32 S compound nucleus. It is further noted that the heavy fragment spectra are skewed towards higher energy side, which are likely to be due to contributions from the residues of incompletely fused composites (in inverse kinematical systems, velocities of incomplete fusion residues are higher than those of complete fusion residues).
Some interesting features have been observed in the shapes of the α-particle spectra obtained in coincidence with different evaporation residues (Fig. 13) . The solid lines in Fig. 13 represent theoretical predictions of CASCADE [19] for the summed evaporation spectra of α-particles (sum of all α-particle spectra obtained in different decay cascade).
A deformed configuration of compound nucleus, represented by the parameters r o = 1.35 fm, δ 1 = 4.5 × 10 −3 and δ 2 = 2.0 × 10 −8 was used in this calculation. It has been shown in Ref. [5] that statistical model prediction using the above configuration was quite successful in explaining the α-particle spectra measured in coincidence with all evaporation residues (Z = 10 -13, θ lab = 10 o ) for the same reaction under consideration. However, the same prescription fails to explain the observed α-particle spectra (open circles) in coincidence with individual evaporation residues as evident from Fig. 13 . It is indicative of the fact that the α-particles follow some specific decay path to populate a particular evaporation residue and the path is different as one goes from one residue to another. Thus, the study of light particle spectra in coincidence with individual residues is likely to reveal some interesting details of the compound nuclear decay sequence.
In order to understand the shapes of the exclusive α-particle energy spectra observed in coincidence with individual residue, α-particle evaporation spectra from each possible stage of the decay cascade populating a particular residue have been calculated and summed up with appropriate weightage to generate exclusive α-particle spectra corresponding to each residue; these spectra have then been compared with the respective experimental data. The procedure is illustrated as follows: Production of a typical evaporation residue, e.g., Al, is possible through one of the following decay paths,
So, to generate the α-particle spectrum in coincidence with Al, the contribution of each decay path (10a -10g) is added with the appropriate weightage factor (yield of decay path / total yield of all decay paths). This CASCADE prediction is shown by dashed line in Fig. 14 . The similar procedure has been done for the proton spectra. It is interesting to find that the exclusive α-particle and proton spectra are still unexplained by the CASCADE predictions. The spectra measured in-coincidence with Mg and Na are also unexplained by the spectra calculated using this technique (see Fig. 14) .
The α-particles measured in coincidence with Al may be emitted from one or more of the following parent nuclei:
32 S, 31 S, 31 P, 30 P, 29 P. The experimentally measured α-particle spectra (open circle) in coincidence with Al have been displayed in Fig. 15 . The theoretical α-particle spectra calculated from different stages of the decay cascade (i.e., 32 S, 31 P, 31 S, 30 P, and 29 P) using CASCADE have also been displayed in Fig. 15 (represented by solid, dashed, dash-dotted, dotted and dash-dot-dotted lines, respectively). It is evident from Fig. 15 that the calculated first chance emission of α-particle from 32 S nucleus agrees well with the measured spectral shape. This is further supported by the proton spectra measured in coincidence with Al, which clearly indicate that the residue Al may be formed predominantly by the decay of 32 S nucleus through the emission of α-particle followed by a proton (path 10a), i.e.,
though relative α emission probabilities are comparable for both 10a and 10b paths.
The possible parent nuclei which may emit α-particles to populate Mg are 32 S, 31 P, 30 P, 30 Si and 28 Si. The measured α-particle spectra (open circles) in coincidence with Mg for different laboratory angles have been displayed in Fig. 16 along with the respective CASCADE predictions. The solid line corresponds to the total α-particle spectra obtained from the CASCADE calculation for the decay sequence:
It is observed that this decay path reproduce the experimental spectra very well. The dash-dotted, dashed, dotted and dash-dot-dotted lines show the theoretical (CASCADE prediction) α-particle spectra for the nuclei 32 S, 31 
From Fig. 16 , it is seen that the shapes of the experimental α-particle spectra are in fair agreement with the spectra obtained from decay path 12d (coincident with α-spectra from path 11), however, the experimental proton energy distributions match well with those of theoretical predictions for the case of proton emission from decay paths 12a and 12c.
The α-particle spectra obtained from path 12c are very much different from the experimental spectra. The α-particle spectra from path 12a and the proton spectra from path 12d are in well agreement with lower energy part of the respective experimental spectra, though the higher energy parts remain unexplained. Therefore, from the analyses of exclusive proton and α-particle spectra measured in coincidence with Mg, it may be inferred that Mg may have been populated in the decay of 32 S nucleus through both p − α − p emission (decay path 12a) and α − p − p emission (decay path 12d), in addition to the exclusive 2α decay route (path 11). According to statistical model, the probability of different decay paths, through which Mg can be populated, decrease in the order 12a, 12c and 12d, and 11.
The α-particle and proton energy spectra measured in coincidence with the residue Na have been displayed in Fig. 17 . The parent nuclei which may populate Na through α-particle emission are 32 S, 31 S, 31 P, 30 P, 27 Al and 26 Al.
The protons may be emitted from 32 S, 31 S, 28 Si, 27 Si, 27 Al, 26 Mg nuclei. The different decay paths are
From Fig. 17 it is evident that the residue Na may have been populated predominantly through the sequence 13a (solid line). However, for the residue Na, 13a and 13b (dash-dotted line) decay paths have more or less equal probability. The other decay paths 13c (dotted line) and 13d (dashed line) have nearly same probabilities, which are five times smaller than the earlier two paths (13a and 13b).
Therefore, from this analysis it has been found that population of evaporation residue follows a specific decay path (solid lines in Fig. 14) .
IV. SUMMARY
In this work, the 20 Ne + 12 C system has been studied at four incident energies, 158, 170, 180, and 200 MeV, respectively. The inclusive energy spectra of proton, deuteron and triton have been measured at different laboratory angles in the range 10 o to 50 o . It was found that the invariant cross-section for protons plotted in (v − v ⊥ ) plane does not follow the circle centered around compound nucleus velocity. This indicates the presence of a source which has velocity higher than v CN . The effect of pre-equilibrium process has been found in the emitted proton spectra at forward angles (θ lab ≤ 30 o ). This pre-equilibrium component has been extracted using the moving source model considering two sources, equilibrium source and intermediate velocity source. The 20 Ne (158 MeV) + 27 Al reaction has been studied for comparison, and this also shows the presence of pre-equilibrium process.
It has been observed that nuclear deformation affected the energy distributions of different Z = 1 particles in different manner. The proton energy spectra were found to be rather insensitive to nuclear deformation for both the systems ( 20 Ne + 12 C, 27 Al) studied here. On the other hand, deuteron and triton energy spectra could not be explained without the introduction of deformation; in both cases (d and t), it was found that same set of spin dependent deformability parameters (δ 1 , δ 2 ) which was required to fit the alpha-particle spectra [5] , can explain the data fairly well. It is interesting to note here that for protons, though the the energy distributions are rather insensitive to nuclear deformation, proper explanation of the angular distributions of evaporated protons would require the deformation to be incorporated in the calculation, and the magnitudes of the deformation parameters were same as those used for fitting the d, t and α energy spectra. The sensitivity of the statistical model prediction of the energy spectra on level density parameter a has also been studied and it was found that the value of a = A/8 generated best fit to the data.
Some interesting features in the shapes of the exclusive light charged particle spectra have been observed in the decay of 32 S nucleus which may be correlated, at least in a qualitative manner, with the decay sequence of hot composite system. It may be inferred from the α-particle and proton spectra observed in-coincidence with Al that, the decay sequence in this case is first chance α emission followed by a proton emission. Similarly, in case of Mg, it may be inferred that Mg has been populated by sequential emission of α-particles from 32 S nucleus. In addition, Mg may also populate through p − α − p and α − p − p emission paths. For Na residue, α − p − α is the most prominent decay path.
It is thus clear that, the exclusive fragment-light particle data may be used to extract information about the nuclear decay sequence. However, it is not intuitively evident why some particular decay paths would be favoured against other statistically competitive paths to populate a particular residue. More detailed exclusive measurements are required to have a concrete idea about the decay sequence.
In addition, refinement of statistical model codes is also needed to tract down the complete decay sequence in more unambiguous manner. 
